Density functional theory (DFT) can run into serious difficulties with localized states in elements such as transition metals with occupied-d states and oxygen. In contrast, Hartree-Fock (HF) method can be a better approach for such localized states. Here, we develop HF pseudopotentials to be used alongside with DFT for solids. The computation cost is on par with standard DFT. Calculations for a range of II-VI, III-V and group-IV semiconductors with diverse physical properties show observably improved band gap for systems containing d-electrons, whereby pointing to a new direction in electronic theory.
Introduction
Density functional theory (DFT) has achieved great success in the electronic structure calculation 1 of solids by virtue of its commonly-accepted accuracy and efficiency. However, the exact form of the exchange-correlation functional is still unknown 2 . As an approximation, usually the local density approximation (LDA) or the generalized gradient approximation (GGA) has been used. These approximations make the DFT a valuable tool, but also reveal its shortcoming in characterizing the material properties. A well-known example is the underestimation of band gap, especially for solids containing localized d-electrons. For instance, the DFT gap of wurtzite ZnO is only ∼0.9 eV, which is severely underestimated from the experimental value by ∼2.5 eV 3 . In the case of CdO with an indirect gap of 0.8 eV, DFT even yields qualitatively wrong result by predicting a semi-metal 4 . The underestimation of the band gap can severely undermine our ability to study defect physics and optical physics [5] [6] [7] . To overcome these shortcomings, several methods [8] [9] [10] [11] [12] have been developed, among which the Heyd-Scuseria-Ernzerhof (HSE) hybrid functional 12 approach has attracted much attention for its relatively accurate band gap and semicore d states, by using a screened Coulomb potential for the Hartree-Fock (HF) exchange. In accordance, however, the computational cost is also significantly increased from that of DFT for the use of non-local functional for bulk materials. Often pseudopotentials (PPs) are used in DFT calculations, which reduces the number of electrons to be calculated whereby lowering the overall computational cost. Although the inclusion of the HF exchange has been shown to significantly improve the band gap 12 , the HF is only applied to valence electrons but the PPs are still generated by standard LDA/GGA.
A common belief for the underestimated DFT band gap in d-electron systems is the unphysical self-interaction due to the local mean-field treatment. Despite also being a meanfield approach, the HF approximation does not suffer from such an error so it yields a larger band gap. This raises the question why not use HF PPs for elements for which the self-interaction error dominates over the correlation effect in their semicores. On the other hand, an all-electron hybrid functional calculation was reported very recently and it showed a small albeit consistent improvement in accuracy 13 . Given the remarkably distinct relaxation effect of core and valence electrons 14 , including the same percentage of HF (25%) as that of outer valence electrons is probably insufficient to treat the core electrons, responsible for 1 the marginal change of the electronic structure. In this regard, it is instructive to explore an alternative hybrid functional calculation, i.e., the PP purely constructed from HF in combination with the DFT approximation for valence electrons, in order to deepen the understanding of HF exchange on the electronic structure. Such a treatment inherently has the advantage of computational efficiency as the cost is on par with standard DFT.
Note that, although since the birth of ab initio PPs, we have been acquainted with the practice of generating the PPs using the same functional as the one used for solidstate calculations, such a consistency is not required. As a matter of fact, not only has this tradition been abandoned in hybrid functional calculations, but also the concept of optimized effective PP has been around for some time now 15 , which disconnects the issue of how to obtain PPs from the issue of how to apply them to condensed matter.
Following such a spirit, in this work, we develop HF PPs and apply them to electronic structure calculations of solids. Our approach may also be viewed as a hybrid approach, i.e.,
we use the HF method to generate the PPs, while using standard DFT for bulk study. However, there is an important difference from other hybrid functionals, namely, our approach is . By an intensive investigation of typical binary semiconductors, we provide a general guideline for the optimal choice of the PPs (between HF and PBE) over a wide range of elements. Moreover, the HF PP serves as a better starting potential for DFT+U and HSE calculations, for instance, for ZnO it yields a remarkable band gap in agreement with experiment without having to adjust any parameters empirically. Finally, we stress that our hybrid scheme using HF PP alongside with standard DFT for solids maintains the cost efficiency of the DFT, and is thus particularly suited for large-scale systems such as defects and heterostructures.
Methodology and models
In our study, the HF approach, as implemented in the OPIUM code developed by Rappe group 13, 16, 17 , was used to generate the PPs, where the scalar relativistic effect was included, structures with a few exceptions. The experimental lattice constants were used. The energy cutoff was set to 60 Ry. The total energy convergence criteria was 10 −6 Ry/cell. The 10×10×10, 12×12×8 and at least 8×8×8 k -meshes were respectively used for the diamond and zinc-blende structures, wurtzite structures, and the rest structures. Table I shows the calculated band gap using PBE, HF, and optimal PPs (Note that the optimal PP corresponds to the PP combination between PBE and HF which yields the largest band gap as will be further illustrated below.), in comparison with experiments. More details on the results can be found in Table S2 as can be more clearly seen in the right panel of Fig. 1(a) for which more discussion will be given later. The fact that the improvement due to HF PP on empty states is limited is also seen in other TM oxides, e.g., by the almost unchanged band structure of TiO 2 (See Fig.   S1 in the Supplemental Material). It happens that the effect of the HF PP on magnetic properties is insignificant so in either calculations, MnO takes a type-II antiferromagnetic structure 36 and the local magnetic moment on Mn is very much unchanged. As will be 5 shown below, the deficiencies of the HF PP here can be offset by introducing a physicsbased effective Hubbard U on the semicore d-orbitals.
Results and discussion
For zinc-blende ZnO in Fig. 1(b) , we see that, due to the use of HF PPs, the Zn 3d states move ∼5 eV down to a position ∼10 eV below the VBM. Now the Zn 3d semicore gets much-less interactions with the O p bands so its band width is reduced to only 1. eV, which is already comparable to that of HSE, yet the computational efficiency remains at that of DFT. Similar results are also found in wurtzite ZnO whose gap is increased from 0.86 eV of PBE to 2.13 eV of HF, as shown in Table I From our discussion in the beginning, in principle, the PPs can be either HF-type or PBE-type. To optimize the band gap, therefore, we use various combinations of PPs in the calculations and the optimal band gaps are summarized in Table I , as well as in Table S2 of the Supplemental Material. effect of the mixed PPs in some details, where the partial densities of states (PDOS) are plotted. Note that there are four possible combinations of the PPs, namely, (HF or PBE PP for Zn)⊗(HF or PBE PP for Se), so we have four sub panels in Fig. 2 . For simplicity, we may ignore the rich details in the PDOS but focus only on the band gap and energy positions of the Zn 3d semicore states. We see that both the band gap and the semicore position are determined by the type of Zn PP, insensitive to the type of Se PP. In other words, if a Zn HF PP is used, the system has a relatively larger gap of 1.61 and 1.91 eV, respectively, with a low-lying Zn 3d semicore at around 13 eV below the VBM. If, on the other hand, a Zn PBE PP is used, the band gap of the system decreases by ∼0.6 eV with the Zn 3d semicore at only 6 eV below the VBM.
Then, let us briefly discuss the distinct effects of HF PPs on different elements in a binary semiconductor as reflected by Table I . Often, self-interaction error is significant for the cation because losing valence electrons to the anion exposes its semicore d-electrons. Therefore, Zn 2+ , while the d states become fully occupied, their energies are moved away and down from E F , e.g., in ZnO, thus it will be the interplay between the two factors mentioned above that determines the usefulness of the HF PP. Putting all together, the qualitative discussions here establish a simple yet remarkable trend in band-gap improvement that one may expect from using the HF PPs for TM compounds, which has been an insurmountable obstacle for LDA/GGA.
The results in Fig. 2 reveal that the largest (optimal) band gap of 1.91 eV for ZnSe is obtained by a combination of Zn HF PP and Se PBE PP, rather than by using pure HF PPs or pure PBE PPs. It reinforces the notion that cation and anion may prefer a different type of PPs, as mentioned earlier. In Fig. 4 , we summarize the element-specific PP type according to the calculated optimal band gaps in Table S2 of the Supplemental Material.
It suggests that the HF PP works better for elements located in the central region of the Periodic The usefulness of HF PP can be further demonstrated through its ability to improve higher-level calculations, such as DFT+U and HSE. For example for MnO, Fig. 1(a) shows that the insufficient spin splitting between the occupied and unoccupied d states causes a too small band gap. This drawback can be fixed by DFT+U method (As shown in the right panel of Fig. 1(a) ). Using a U = 4 eV together with HF PPs yields a band gap of 3.0 eV, which is on par with HSE result 43 but without extra computational cost. If we perform the HSE calculation alongside with the HF PPs, on the other hand, we obtain a band gap of 4.1 eV, which is in very good agreement with experiment [25] [26] [27] [28] . Likewise, for ZnO, the HSE alongside with HF PPs yields a band gap of 3.2 eV, as shown in Fig. 1(b) , which is also in very good agreement with experiment 21, 22 . The fact that we can get good results with no need of tuning the mixing parameters suggests that the HF PP may capture part of the essential physics of localized electrons.
Conclusions
In conclusion, we introduce a Hartree-Fock pseudopotential method, alongside with the standard DFT such as PBE for valence electrons, to perform electronic structure calculations. We show a systematic improvement of the band gap over a range of semiconductors of noticeably different physical properties, especially for those with occupied d states. The method can be further improved by adopting the mixed PP approach. As the HF PPs are fully compatible with standard DFT calculations, no additional computational cost is required. While the DFT+U method holds the same advantage, the system-dependent parameter U not only deviates from the principles of ab initio methods but also its application to atomic s and p states 44 is controversial. Last but not least, the HF PPs alongside with +U or HSE yield significantly improved band gap for special systems such as MnO and ZnO.
It is reasonable to speculate that the HF PPs may also be helpful for the GW calculations, such as the notorious band-gap convergence problem in ZnO.
